The step size of random walks is shown to exhibit an important role in controlling the structure of clusters produced ,by the diffusion-limited aggregation (DLA) processes. In this study, the structural compactness is found to increase significantly as the random-walk size is increased. The step-size effects are precisely quantified by the radius of gyration evaluated during the cluster growth process. It is also observed that by using a very long random walk the DLA model approaches the Void-Sutherland ballistic aggregation model.
A diffusion-limited aggregation (DLA) model was introduced by Witten and Sander! to simulate cluster formation processes based on the concept of a sequence of computer-generated random walks on a lattice emulating diffusion of a particle. Implicitly, the step size of each random walk was fixed as one lattice unit. A nonlattice version of DLA simulation was carried out by Meakin2,3 where the step size was limited to one particle diameter. Diffusion in real cluster formation processes may, however, exceed thi~ limitation with the step size depending on such physical parameters of the system as temperature, pressure, concentration, and particle size. It becomes, therefore, very important to determine the stepsize effects on the cluster formation processes.
On the other hand, the Void-Sutherland ballistic aggregation model (VS) uses random linear trajectories to add particles to a growing cluster.4,s Since the only region of interest in cluster formation is the neighborhood of the growing cluster, a linear trajectory may be viewed as diffusion with an infinitely large step size. The VS model may therefore be approached by the DLA model with a very large step size. In this paper, we focus on the step-size effects on the structure of clusters generated by the DLA model and also attempt to establish a link between the DLA and VS models.
The two-length-scale concept pro~sed by Bensimon et al.6 is also considered. One length scale, required for all aggregation models, is the "sticking length" a that defines the sufficient and necessary condition of an aggregation event. A diffusing particle is considered to stick to an aggregate when the center of the diffusing particle is at a distance a from that of any member particle of the aggregate. Usually, the particle diameter is taken as the sticking length on the basis of hard-sphere concept. The other length scale, specific for diffusionrelated processes, is the mean free path 10 of the diffusing particle which is called the step size of random walks in this paper. Since the constraint of I 0 ~ a may not be valid for all physical systems, we examine the case of 10 >a in addition to the extreme case of 10 »a investigated by. Bensimon el al.6 In this work nonlattice DLA computer simulations were carried out with various step sizes ranging from 1 to 64 particle diameters. Figures l(a)-l(d) show the structure of 5000-particle clusters generated by the DLA model with step size of 1, 4, 16, and 64 particle diameters, respectively. It is clear from these figures that cluster structure becomes more compact as the step size is increased.
Since the cluster in Fig. 1 (a) has a very open structure, one may imagine that a motion with a small step size (say, one particle diameter) can easily move a particle into the central region of the cluster; however, the direction of each movement is purely random so that it is highly unlikely for a particle to keep its incident direction over several steps, instead it will travel around in a certain domain and generate a substantially wide incident beam. Hence, a particle following short random walks will generally touch the outer branches of the growing cluster instead of penetrating into the cluster core. With a larger step size, the particle may move a longer distance in a single direction, i.e., with a minimum beam width of one particle diameter. This particle has thus a much larger opportunity to avoid contacts with the outer branches and consequently to yield a more compact structure.
For the purpose of comparison, VS simulation was also perfprmed to generate a cluster (shown in Fig. 2 ) which can be seen to be more compact that those in Figs. I (a)-I (c) and is comparable to that in Fig. 1 (d) . In the VS model, particles move with linear trajectories. According to the above argument, the VS model (with an infinite step size) always generates denser clusters than the DLA model (with a finite step size). Close compactness seen in Fig. 1 (d) and Fig. 2 suggests that a step size of 64 particle diameters is "effectively infinite" for up to 5000 particle clusters.
In order to quantify the effects of the step size on cluster structures, the radius of gyration (Rg) during the cluster growth processes is calculated. Figure 3 shows the dependence of Rg on the cluster size which is 36 4518 @1987 The American Physical Society represented as the number of particles, N. To reduce the extent of data scattering so that trends, if any, can be clearly recognized, many runs of computer simulation with different random number seeds were performed and only the averaged data are shown. For N up to llXX>, data points are the averaged results for 100 runs, while for N above IIXX> in which data scattering is insignificant, only ten runs were carried out to save computer processing time.
At a given N, Rg shows a decrease with increasing step size indicative of the increase in structural compactness. Overlapping of the 64 step-size curve with the VS model further suggests that the step size of 64 particle diameters is indeed "effectively infinite" for clusters with a size up to 10000.
An examination of the DLA curves shows the existence of three zones of different behavior. At small N's, all DLA curves coincide with the VS curve (zone 1). I. Random cluster of 5(xx) particles generated using the DLA model with the step size of (a) I particle diameter, (b) 4 particle diameters, (c) 16 particle diameters, and (d) 64 particle diameters. The DLA curve deviates from the VS one at intermediate Ns (zone 2). At large Ns, all DLA curves follow straight lines which are parallel to one another but not parallel to the VS line. In fact, the differences in the slopes of the two' curves reflect the variation in fractal dimension of flocs generated by these two models.7 At the extreme of step size of 64, only zone 1 appears in Fig. 3 ; zones 2 and 3 are expected to appear at even larger Ns. At the other extreme of step size of 1, zones 1 and 2 are so small that most data points fall in zone 3. For DLA with an intermediate step size, e.g., 8 particle diameters, the three zones become quite evident (Fig. 4) . This indicates that in a cluster growth process based oil a DLA model with an intermediate step size, the cluster grows following the VS mechanism in the beginning, and then during a transition period the growth process shifts to the DLA mechanism, and finally, the growth behavior reflects the DLA mechanism totally.
There may be a critical transition point in the transition zone such that above it the DLA mechanism predominantly controls the growth process while below it the VS mechanism dominates. This point was obtained . hereby by extrapolating the zone 3 portions of DLA curve to intersect the VS curve. As shown in Fig.   4 , the transition point was found at N = 182 and Rg = 7.9 for the case of step size = 8. The value of N and Rg at the transition points obtained for all cases are summarized in Table I . Consistently the transition point locates at larger Rg for the case of larger step size, and for the step size greater than 4, transition points locate at Rg very close to the step size. This suggests that the VS linear trajectory model predominantly determines the growth process when the growing cluster's radius of gyration is smaller than the step size, while the DLA model takes control of the process when the cluster's Rg becomes greater than the step size. Qualitatively, for a small cluster, the particular step size is sufficiently large to be viewed as "infinite" by the cluster; it will no longer be sufficient to view it as infinite when the cluster grows continuously. Quantitatively, this result points out that the radius of gyration is a good measure of cluster formation for such systems.
SIGNIFICANCE OF THIS WORK
The step size of random walks is shown to exhibit an important role in controlling the nature of cluster structures. The structural compactness can be significantly From the viewpoint of fractal analysis,8 there is always a minimum length scale for a real-world object to claim as a self-s~r fractal. Here we found that for cl~ters produced with DLA this minimum is characterized well by the step size of random walks. A DLA floc may be called a fractal with a self-similar structure only when the measuring scale is well above the average step size of diffusion involved in its growth process.
increased by enlarging the random-walk step in the DLA model. It is also the step size which brings together the two distinct models-diffusion-limited aggregation and VS ballistic aggregation. Our results implies that the ideal ballistic aggregation model can be physically approximated by DLA with very long random walks. In other words, the VS model may be viewed as a special case of DLA with step size approaching infinity. In fact, our detailed quantitative analysis of Rg versU-""N confirms the crossover effect from 10 ~a to 10 »a proposed by Bensimon et al.6 This work shows that DLA simulation with an intermediate step size generally produces clusters with a two-level structure which contains a compact core in the central region as well as sparse, dendritic branches in the outer region [see Fig. l(c), for example] . This provides an alternative interpretation for two-level structure flocs found experimentally which have generally been interpreted by a combination of at least two different mechanisms.
It is also suggested that the experimental data for small clusters is not suitable for determining whether the growth process is controlled by DLA or VS mechanism. For example, if in a flocculation system the average step size of diffusion is 8 particle diameters, a cluster must contain at least 182 particles for it to be used to distinguish between these two mechanisms. Keeping in mind that the present simulation is for two-dimensional processes, we expect that the three-dimensional simulation will give similar trends but will require even larger num-
